The quark sector of the Standard Model exhibits an approximate U (2) 3 flavour symmetry. This symmetry, broken in specific directions dictated by minimality, can explain the success of the Cabibbo-Kobayashi-Maskawa picture of flavour mixing and CP violation, confirmed by the data so far, while allowing for observable deviations from it, as expected in most models of ElectroWeak Symmetry Breaking. Building on previous work in the specific context of supersymmetry, we analyze the expected effects and we quantify the current bounds in a general Effective Field Theory framework. As a further relevant example we then show how the U (2) 3 symmetry and its breaking can be implemented in a generic composite Higgs model and we make a first analysis of its peculiar consequences. We also discuss how some partial extension of U (2) 3 to the lepton sector can arise, both in general and in composite Higgs models. An optimistic though conceivable interpretation of the considerations developed in this paper gives reasons to think that new physics searches in the flavour sector may be about to explore an interesting realm of phenomena.
Introduction and statement of the program
The experimental progress of the last decade has shown in a rather spectacular way that the Cabibbo-Kobayashi-Maskawa (CKM) picture of flavour mixing and CP violation in the quark sector, as included in the Standard Model (SM), is fundamentally at work. If one interprets this result as due to a very short-distance origin of flavour physics with no expected deviation from the CKM picture close to the Fermi scale, this constitutes a generic problem for theories of ElectroWeak Symmetry Breaking (EWSB) beyond the SM and -something even more worrisome -it weakens the hope to be able to provide a rational explanation of quark masses and mixings. This is not, however, a necessity. An alternative view posits that the success of the CKM picture be due to the existence of a suitable flavour symmetry appropriately broken in some definite direction, thus allowing a scale of new flavour physics phenomena sufficiently near to the Fermi scale to leave room for relatively small but nevertheless observable deviations from the SM in the flavour sector. An example largely studied in the literature is represented by the hypothesis of Minimal Flavour Violation (MFV), based, in the quark sector, on a U (3)
3 symmetry [1] [2] [3] . Along these lines, here we take the point of view that a more interesting symmetry to study be a U (2) q × U (2) u × U (2) d symmetry -for brevity U (2) 3 -acting on the first two generations of quarks of different SU (2)×U (1) quantum numbers, q L , u R and d R . The superiority of U (2) 3 stems from the observed pattern of quark masses and mixings, which makes U (2) 3 a good approximate symmetry of the SM Lagrangian, broken at most by an amount of order a few ×10 −2 . This is the size of V cb , comparable to or bigger than the mass ratios m c,u /m t or m s,d /m b . U (3)
3 on the contrary is badly broken at least by the top Yukawa coupling.
To describe the breaking of U (2) 3 we assume that it is encoded in a few small dimensionless parameters. Their origin is unknown and may be different, for example, in different models of EWSB, but we require that they have definite transformation properties under U (2) 3 itself, so that the overall Lagrangian, fundamental or effective as it may be, remains formally invariant. This is what we mean by saying that U (2) 3 is broken in specific directions. Along these lines, the simplest way to give masses to both the up and down quarks of the first two generations is to introduce two (sets of) parameters ∆Y u , ∆Y d , transforming as ∆Y u = (2,2, 1), ∆Y d = (2, 1,2) under U (2) q × U (2) u × U (2) d . If these bi-doublets were the only breaking parameters, the third generation, made of singlets under U (2)
3 , would not communicate with the first two generations at all. For this to happen one needs single doublets, at least one, under any of the three U (2)'s. The only such doublet that can explain the observed small mixing between the third and the first two generations, in terms of a correspondingly small parameter, transforms under U (2) q ×U (2) u ×U (2) d as V = (2, 1, 1). A single doublet under U (2) u or U (2) d instead of U (2) q would have to be of order unity. To summarize, we assume that U (2) 3 is an approximate symmetry of the flavour sector of the SM only weakly broken in the directions (by the spurions) ∆Y u = (2,2, 1), ∆Y d = (2, 1,2), V = (2, 1, 1).
(
The consequences of this framework for supersymmetric extensions of the SM has already been examined in Ref. [4, 5] 1 . Within the same general framework, in this work we aim to address the following questions:
• Taking an Effective Field Theory point of view, which are the limits on the possible size of new flavour changing and CP violating interactions consistent with the current observations? Which signals can one in turn expect in foreseen experiments?
• How can one implement the U (2) 3 picture in a theory of EWSB containing a composite Higgs boson?
• Can there be at least some partial extension of U (2) 3 to the lepton sector, notwithstanding the peculiar mixing properties shown by neutrinos, apparently quite different from the ones of the quarks?
While addressing each of these questions in sections 2, 3 and 4, respectively, it will be interesting to compare the answers with those one would obtain from a U (3) 3 symmetry.
2 U (2) 3 in Effective Field Theory
Relevant effective operators in the physical quark basis
Given the basic distinction between the third and the first two generations of quarks, we adopt for the triplets of left-handed doublets and right-handed charge 2/3 and −1/3 quark singlets respectively the self-explanatory notation
All the relevant operators are built from chirality conserving or chirality breaking quark bilinears:
In each of these equations we have neglected higher order terms in V , ∆Y u , ∆Y d which, unless differently specified, do not affect the following considerations and we have included order 1 coefficients, a, b, c, . . . , dependent upon the specific bilinear under consideration. Except for a, b, d in Eq. (3), which are constrained to be real by hermiticity, all these coefficients are in general complex. In each of the chirality breaking bilinears, relevant both for the mass terms and for the σ µν -terms, we have factored out the parameters λ t ≈ m t /v and λ b ≈ m b /v. While λ t is of order unity, the smallness of λ b may be attributed to an approximate U (1) d acting on all the right-handed down quarks in the same way inside and outside U (2) 3 . In presence of more than one Higgs doublet, λ b can get bigger values. Finally there is no significant flavour violation in the chirality conserving right-handed quark bilinears.
It is useful to reduce by sole U (2) 3 transformations the parameters V , ∆Y u , ∆Y d to the form
where is a real parameter of the same size as |V cb |, R 12 is a rotation matrix in the space of the first two generations, U are real diagonal matrices. Incidentally this shows that, if CP violation only resides in V , ∆Y u , ∆Y d , there is a single physical phase, φ, which gives rise to the CKM phase. To obtain the relevant flavour changing and CP violating effective operators in the physical quark basis, one has to reduce the kinetic terms to canonical form and the mass matrices for the up and down quarks to real diagonal form. Due to the specific breaking of U (2) 3 in the directions (1), a crucial fact is that the mass matrices are diagonalized, to a sufficient level of accuracy, by transformations acting on the left-handed fields only.
As a result one gets (see Appendix A for details) 2 :
i) for the CKM matrix:ū
where U 23 is a unitary matrix in the 23 sector with off-diagonal elements of order .
ii) for the chirality breaking bilinears in the down sector:
Finally this leads to the following exhaustive set of relevant flavour changing effective operators 3 , all weighted by the square of an inverse mass scale 1/Λ:
ii) ∆S = 2
iii) ∆B = 1, i = s, d, chirality breaking (α = γ, G):
v) ∆S = 1, chirality conserving:
where
td and the coefficients c Analogous expressions can be found for operators involving the up quarks. However if these operators are weighted by the same scale Λ as for the down quarks, they are phenomenologically irrelevant unless some of the relative dimensionless coefficients are at least one order of magnitude bigger than the ones in Eq. (10) (11) (12) (13) (14) . This is in particular the case for operators contributing to D −D mixing, to direct CP violation in D-decays or to top decays, t → cγ or t → cZ (see Appendix B).
Comparison with U (3)
3 at small and large tan β
It is useful to compare the expectations of the U (2) 3 symmetry suitably broken as described in Section 1 with the case of 1,3 ), as we now briefly recall from the literature [3, [7] [8] [9] .
First, by sole U (3) 3 transformations, one can set without loss of generality 
where A is a complex parameter and B a real one. This leads to the following set of relevant
ii) ∆F = 1, chirality breaking (α = γ, G):
iii) ∆F = 1, chirality conserving (β = L, R, H): [7, 8, 10] . The fact that λ t and λ b are both of O(1) leads to the the breaking of U (3) 3 down to U (2) 3 . Note that this is not enough to conclude that U (3)
3 at large λ b leads to the same pattern of flavour violation described in the previous subsection. For this to happen one needs that the breaking directions of U (2) 3 be as in (1) . However, due to the fact that U (3) 3 is only broken in the Y u,d directions, this is the case. To see this, after suitable U (3) 3 transformations, one can write Y u,d as [7, 8] 
where ∆Y u,d are 2 × 2 matrices as in (1) andχ is a hermitian 3 × 3 matrix with χ a 2-component vector,χ
which determines the misalignement of Y u,d in the 13 and 23 directions, known to be small, of order |V cb |, from the CKM matrix. Expanding inχ,
which shows that χ plays the same role as V . For example the term in the bottom left of (22), of subleading order, is given in the language of (4, 5) byq
3 at large tan β leads in general to the same effective operators as in (10) (11) (12) (13) (14) , apart from the characteristic tan β-dependence of the various coefficients, which should also show up both in flavour violating and in suitable flavour conserving amplitudes.
2.3 Current bounds and possible new effects 2.3.1 ∆F = 2 processes
As discussed above, the relevant ∆F = 2 operators generated in the U (2) 3 framework read
where c
LL are real, model dependent parameters that can be of O(1). The U (3) 3 case at low tan β is recovered for c 
In the special case of supersymmetry with dominance of gluino contributions, one has h K = x 2 F 0 > 0 and h B = xF 0 , where F 0 is a positive loop function given in [4] and x an O(1) mixing parameter.
To confront the effective Hamiltonian (23) with the data, the dependence of the ∆F = 2 observables on the CKM matrix elements has to be taken into account. To this end, we performed global fits of the CKM Wolfenstein parameters A, λ,ρ andη as well as the coefficients c in a fit with c K LL = 0. The preference for non-SM values of the parameters in both cases arises from the tension in the SM CKM fit between K (when using the experimental data for V cb and sin 2β as inputs) and S ψK S = sin 2β [11] [12] [13] [14] [15] [16] . As is well known, this tension can be solved either by increasing K (as in the first case) or by decreasing S ψK S by means of a new physics contribution to the B d mixing phase (as in the second case). In the second case, also a positive contribution to In the case of supersymmetry with dominance of gluino contributions, as mentioned above, the modification of the B d,s and K mixing amplitudes is correlated by the common loop function F 0 , which depends on the gluino and left-handed sbottom masses. Taking into account direct constraints from LHC on the sbottom and gluino masses, one finds that values of F 0 above about 0.04 are disfavoured. This constraint is shown in the bottom-left panel of Fig. 1 as a gray region. However, we note that this bound (but not the correlation predicted by U (2) 3 ) is invalidated once chargino contributions dominate.
∆F = 1 processes
The U (2)
3 predictions for ∆F = 1 processes are more model-dependent because a larger number of operators is relevant. In addition, the main prediction of universality of b → s and b → d amplitudes -but not s → d amplitudes -is not well tested. Firstly, current data are better for b → s decays compared to b → d decays. Secondly, the only clean s → d processes are K → πνν decays, but b → qνν processes have not been observed yet. Thus, in the following we will present 3 ) and with all 3 parameters independent (bottom). The gray region in the bottom left plot is disfavoured by direct searches only in the SUSY case with dominance of gluino contributions.
the constraints on the effective Hamiltonian (v = 246 GeV)
using only data from inclusive and exclusive b → s decays, making use of the results of [29] . While in the supersymmetric case, only the coefficients c 7γ and c 8g are relevant [5] , in general all the coefficients in (30) can be relevant and of O(1). Since the chromomagnetic penguin operator enters the observables considered in the following only through operator mixing with the electromagnetic one, we will ignore c 8g in the following. The constraints are particularly strong for the magnetic penguin operator and the semi-leptonic left-left vector operator. In the first case, this is due to the B → X s γ branching ratio, in the second case due to the forward-backward asymmetry in B → K * µ + µ − . Interestingly, in both cases, the constraint is much weaker for maximal phases of the new physics contribution, since the interference with the (real) SM contribution is minimized in that case. For the two operators in the right-hand column of Fig. 2 , this effect is less pronounced. The reason is that both coefficients are accidentally small in the SM: in the first case due to the small Z coupling to charged leptons proportional to (1 − 4s 2 w ) and in the second case due to C 9 (µ b ) ≈ −C 10 (µ b ) (in the convention of [29] ).
To ease the interpretation of Fig. 1, 2 , all the coefficients are normalized, as explicitly indicated, to a scale Λ = 3 TeV, which might represent both the scale of a new strong interaction responsible for EWSB, Λ s ≈ 4πv, or the effective scale from loops involving the exchange of some new weakly interacting particle(s) of mass of O(v). Interestingly the fits of the current flavour data are generally consistent with coefficients of order unity, at least if there exist sizable non vanishing phases, when they are allowed. Note in this respect that U (3)
3 at low tan β does not allow phases in c L,R,H in Fig. 2 , with correspondingly more stringent constraints especially on c L . A possible interpretation of these Fig. 1, 2 is that the current flavour data are at the level of probing the U (2) 3 hypothesis in a region of parameter space relevant to several new theories of EWSB. Needless to say, the presence of phases in flavour-diagonal chirality breaking operators has to be consistent with the limits coming from the neutron Electric Dipole Moment. It should also be noted that the coefficients of the flavour diagonal operators, analogue of the ones in the second line of (30) , are limited by the ElectroWeak Precision Tests at a similar level to the ones shown in Fig. 2. 3 U (2) 3 in composite Higgs models
General setup
If the Higgs boson is a composite particle by a suitable new strong interaction, the problem of describing flavour in a way consistent with current experiments is non trivial. It is therefore natural to ask if U (2)
3 can be implemented in this case as well and to see which are its general consequences, if the implementation is possible at all.
At least in an effective description the way the standard fermions (collectively called f ) see the composite Higgs boson(s), H, is by admitting the presence of composite vector-like fermions (F ), naturally coupled to H by the strong interactions through Yukawa-like terms, schematically λF HF , and mixed with the standard fermions by mass terms, mF f [30, 31] . Both Y and m are assumed to break in specific directions the global flavour symmetries acting on F and f .
What does one need to try to get a consistent description of flavour in this specific setup? One way introduced in [32] 6 is to assume a sufficiently large flavour symmetry respected by the strong sector, including the coupling λF HF , and shared by some of the elementary fermions. To see explicitly how this works, let us consider the U (3)
3 example recently discussed in [34] . The vector-like fermions F are composed of two SU (2) L doublets, Q u and Q d , with the same quantum numbers under the SM gauge group as the standard q L , and of SU (2) L singlets, U and D, with the quantum numbers of u and d respectively 7 . Any of these composite fermions has a flavour index that goes from 1 to 3, as for the standard quarks. One assumes that the Yukawa couplings of the heavy fermions as well as their mass terms
Furthermore, to minimize possible new flavour effects and adopting the nomenclature of [34] , one assumes that this symmetry is extended to the standard right-handed quarks (Right-compositeness) or to the left-handed ones (Left-compositeness).
6 But actually effectively implemented before in a 5-dimensional example in [33] . 7 Each of the composite fermions may be part of a larger multiplet, so that, e.g., the Yukawa coupling λF HF enjoys a SU (2) L ×SU (2) R symmetry. This is not of relevance, however, to the problems discussed in this paper. 8 We omit the Yukawa termsλ UQ
where only the mass terms with a hat break the flavour symmetries. Accordingly, withm u,d set to zero, the full flavour symmetry in the two cases is respectively (with a self explanatory notation):
• Right-compositeness:
In the two casesm u andm d transform under one of these symmetries as (3,3, 1) and (3, 1,3) . If one views the distinction between the third and the first two generations as a basic property of the entire theory, including the strong sector, which looks to us as a physically appealing point of view, it is straightforward to see how the U (2) 3 case works. Specifically, the analogue of L s in (31) only respects a (U (2) × U (1)) U × (U (2) × U (1)) D flavour symmetry, whereas the mixing Lagrangians in the two cases are:
plus analogous terms for the down quarks. To clarify the notation, we always use capital letters for composite fields and, as in (2), vectors in the first two generations space are in boldface. With m U,D switched off, the flavour symmetries are:
The terms only involving the fields of the third generation break these symmetries down to:
up to overall baryon number, and, in analogy with Section 2, V , ∆Y u , ∆Y d transform under one of these symmetries as (2, 1, 1), (2,2, 1), (2, 1,2) respectively.
Flavour and CP violation
The limited ability to calculate in a strongly interacting theory, like the one under discussion in this Section, makes it seem difficult to go beyond EFT considerations. Due to the specific way of flavour breaking, by mass mixings as in (32) (33) or in (34) (35) , this is actually not the case: only some of the flavour breaking operators survive among the ones discussed in Section 2. As we now illustrate, this is summarized in Table 2 for U (3)
3 and for U (2) 3 respectively, with a neat distinction between Right-and Left-compositeness, and compared with generic EFT theory expectations. We are interested in the relevant flavour violating operators involving the elementary fields to all orders in the strong interaction dynamics, i.e. after integrating out the heavy composite degrees of freedom. Table 2 : Expected new physics effects in U (3) 3 vs. U (2) 3 in the generic EFT cases and in the special cases of left-and right-compositeness, for chirality conserving and chirality breaking ∆F = 1, 2 FCNC operators in the B and K systems. R denotes possible effects, but aligned in phase with the SM, C denotes possible effects with a new phase, and 0 means no or negligible effects. In U (3)
3 , an additional feature is that the effects in b → q (where q = d, s) and s → d transitions are perfectly correlated. In two Higgs doublet models at large tan β, the possible effects in U (3)
3 correspond to the ones in U (2) 3 (4th row) and the correlation can be broken. The last two rows show the processes most sensitive to the respective operators.
Left-compositeness: U (3)
3 case
By pure symmetry considerations, several fermion bilinears can be written that would lead to flavour violation, e.g.q Lmum † u γ µ q L . However an operator containing this bilinear cannot be generated without propagating the elementary field u R in an internal line, as seen from (33) . On the contrary, one can generateū Rm † um u γ µ u R ord Rm † dm d γ µ d R , none of which gives rise to flavour violation after going to the physical mass basis for the quarks. In U (3)
3 and Left-compositeness the only operators that lead to flavour violation and can be generated by integrating out heavy degrees of freedom are of charged-current type, e.g.
. This operator would contribute to correct the SM rate for B → τ ν but only by a negligibly small amount, unless weighted by an anomalously large dimensionless coefficient.
Right-compositeness: U (3)
Unlike the case of Left-compositeness, here the bilinearq Lmum † u γ µ q L can be generated, e.g. by mixing effects on the currentQ u γ µ Q u coupled to a heavy ρ-like composite vector. Hence flavour changing operators of chirality conserving type do exist, as in the generic EFT case. From the Figure 3 : Four-fermion operator contributing to the ∆F = 2 amplitudes in the U (3) 3 case with Right-compositeness. diagram of Fig. 3 we estimate for the coefficient of the ∆F = 2 operator
The only special property in composite Higgs models with U (3) 3 flavour symmetry is that no new phase appears in these operators, even for large tan β, since bilinears likeq Lmum † um dm † d γ µ q L cannot be generated without propagation of the elementary fermions. Similarly no flavour violating bilinear of chirality breaking type, like e.g.q Lmum † um d d R , can be generated.
Left-compositeness: U (2)
The different treatment of the third generation quarks, elementary or composite, with respect to the first two has important consequences. Let us consider first the chirality breaking bilinears.
In Fig. 4 we show the leading terms contributing to the effective Yukawa couplings of the down quarks to the Higgs boson. The important thing to note is that the strong Yukawa couplings of the Higgs doublet to the heavy quarks, although flavour conserving, are different if the coupling is to the third generation than if it is to the first two. Let us now consider the analogous diagrams with a photon line also attached to the strong Yukawa-coupling vertex, i.e. an operator contributing, when the Higgs boson gets a vev, to the dipole moments of the heavy quarks. Here too the dipole moment of the third-generation composite quarks is in general different from the one of the first two generations, but, what is more important, the two dipole moments will not be in the same ratio as the corresponding Yukawa couplings. In turn this produces a misalignment in flavour space of the mass versus the magnetic moment operator, i.e. to a residual flavour breaking interaction with the size expected in the generic EFT approach and Λ ≈ 4πv ≈ 3 TeV, except that the presence of a new phase requires CP violation in the strong sector. The situation is analogous in chirality conserving bilinears, where the diagrams in Fig. 5 produce an effective current with a mismatch between the coefficient of theq 3L γ µ q 3L term and the one of theq L γ µ q L term. In turn, after going to the physical quark basis for the down quarks, this gives rise to flavour violation as in the generic EFT case, although without a new phase. The strong dynamics in the first two diagrams in (a) is the same, as it is in the last two diagrams in (b).
Right-compositeness: U (2) 3 case
In the chirality breaking bilinears the difference with the Left-compositeness case is in the heavy mediating quarks in Fig. 4 . As a consequence the relative coefficients between the bilinears q 3L (1, σ µν )b R andq L (1, σ µν )b R is the same for the mass terms as for the dipole terms. The relative coefficient changes forq L (1, σ µν )d R . Nevertheless, when going to the physical mass basis, the dipole terms are also diagonalized. On the contrary, for chirality conserving bilinears, there is no special change relative to the general EFT analysis. 
Lepton Flavour Violation

General setup and current bounds in Effective Field Theory
If one tries to extend the considerations developed so far to the lepton sector, one faces two problems. First, while the hierarchy of charged lepton masses is comparable to the mass hierarchies in the quark sector, the leptonic charged-current mixing matrix does not exhibit the hierarchical pattern of the CKM matrix. Secondly, in the likely possibility that the observed neutrinos are of Majorana type and are light because of a small mixing to heavy right-handed neutrinos, the relevant parameters in the Yukawa couplings of the lepton sector, Hl L Y e e R andHl L Y ν ν R , are augmented, relative to the ones in the quark sector, by the presence of the right-handed neutrino mass matrix, ν T R M ν R , which is unknown. To overcome these problems we make the following two hypotheses:
• we suppose that the charged leptons, thorough Y e , behave in a similar way to the quarks, whereas Y ν and M are responsible for the anomalously large neutrino mixing angles;
• we assume that Y ν has no significant influence on flavour physics near the Fermi scale in spite of the presence at this scale of new degrees of freedom carrying flavour indices, like sneutrinos or heavy composite leptons. One can imagine many reasons for this to be the case, like e.g. in the discussion of the next Section.
Extending U (3) 3 and U (2) 3 to the leptonic sector, we consider respectively a U (3) l × U (3) e and a U (2) l × U (2) e symmetry. Here comes another significant difference between the two cases: in the U (3) l × U (3) e case, with Y e transforming as a (3, 3) , there is no new flavor changing phenomenon at the Fermi scale other than the leptonic charged-current mixing matrix, since Y e can be diagonalized by a U (3) l × U (3) e transformation. On the contrary, let us assume that the U (2) l × U (2) e symmetry be broken weakly by the spurions ∆Y e = (2,2) , V e = (2, 1) .
By proceeding in the same way as for the quarks in Section 2.1, one can set
∆Y diag e (38) and see the occurrence of flavour changing bilinears with two important differences relative to the quark case. Firstly, one cannot relate the size of η or of the angle θ e in R e 12 to the mixing matrix in the leptonic charged current. Secondly, due to the importance of µ → eγ, one has to include in the expansion of the chirality breaking bilinears, analogue of eq. (4), subleading terms like (l L V e )(V e † ∆Y e e R ), and perform the rotation to the physical basis to the corresponding order in the spurions.
The flavour changing dimension six effective operators in the lepton sector can then be written as i) τ → µ, e, chirality breaking: (44) . The last column lists the processes giving the strongest constraint on the respective operators.
ii) µ → e, chirality breaking:
iii) τ → µ, e, chirality conserving: c
iv) µ → e, chirality conserving: c
23 is the left-handed charged lepton Yukawa diagonalization matrix. All these coefficients are model dependent and, in principle, of similar order.
The current bounds on LFV processes are collected in Tab. 3. Using them, bounds can be set on the above coefficients, making assumptions about the mass scale of new physics and the size of the mixing angles ζ ij . Details on the dependence of the observables on the coefficients can be found in Appendix C. In Tab. 4, we show the bounds on the dimensionless reduced coefficients
where the indices i, j = e, µ, τ refer to the specific flavour transitions. For Λ = 3 TeV some of these bounds are significant, especially from µ-decay processes. Note however that the normalization of the ζ ij to the corresponding products of the CKM matrix elements should only be taken as indicative. Note furthermore that the operators contributing to µ → e conversion are suppressed in specific models by explicit gauge coupling factors (supersymmetry) or by small mass mixing terms (composite Higgs models, see below). A specific case that can be studied along these lines is supersymmetry. In that case, only the dipole operator in Eq. (39, 40) is relevant in the processes listed in Tab. 4. The dominant contribution (even for moderate tan β), assuming heavy first and second generation sleptons and a common mass m for the charginos and third generation sleptons, reads
where W L governs lepton flavour violation in the charged lepton-slepton-gaugino vertices, [l
More details on the SUSY case can be found in Appendix C.1.
LFV in composite Higgs models and the g − 2 of the muon
To make a composite Higgs model fully realistic one must extend the discussion of Section 3 to the lepton sector as well. A rather unique way in which this can be done closely mimics the case of the quarks. In the strong sector composite vector-like leptons, L, E and N , are assumed to exist with the same quantum numbers of the elementary l L , e R , ν R as well as Yukawa couplings and mass terms in analogy with (31) 9 . Similarly there will be mass mixing terms between the composite and the elementary fermions. The only asymmetry with the quark sector is in the presence of a mass matrix for the elementary ν R , with elements much larger than any other scale. As a consequence the neutrino spectrum, per generation, consists of one light neutrino, which can be arranged to have standard left-handed weak interaction to a sufficient level of accuracy, two quasi-Dirac neutrinos at the typical compositeness scale and one superheavy almost pure righthanded neutrino. Following the discussion of the previous Section we assume that the right-handed neutrino mixing matrix,N Lmν ν R , and the Majorana mass matrix of the right-handed neutrinos have a flavour structure such that the mass matrix of the light neutrinos gives rise to the large mixing angles of the leptonic charge current.
What about the flavour properties of the light charged leptons to all orders in the strong interactions? Let us consider first the case in which the strong sector conserves a diagonal leptonic U (3) L symmetry. As mixing terms we can consider:
withm e transforming as (3,3) under U (3) l × U (3) L+e or U (3) L+l × U (3) e respectively. As anticipated, in either case there is no leptonic flavour changing phenomenon at the Fermi scale other than the standard mixing in the leptonic charged-current interaction. This is becausem e can be set to diagonal form andm ν has no effect at the Fermi scale. The discussion of lepton flavour violation in the case of a U (2) symmetry proceeds along similar lines as in the quark case. The strong interaction Lagrangian respects a (U (2) × U (1)) L symmetry whereas the mixing Lagrangians are:
Both in the case of Left-and of Right-compositeness there are flavour violating, chirality conserving transitions, whereas a difference exists for chirality breaking transitions, as in the quark case. This means that the leading order operators, τ → µ, e + γ as in (39) , are present only in the Left-compositeness case, with an amplitude proportional to m τ . On the contrary, as a subleading phenomenon in the expansion in ∆Y e and V e , the µ → e + γ operator as in (40) exists both in Left-and Right-compositeness.
As an aside remark we note that a magnetic moment operator of the composite charged leptons
gives rise, after mass mixing, to a magnetic moment operator for the standard charged leptons
where M is a typical compositeness scale and m i are the masses of the standard charged leptons. In turn this corrects the g − 2 anomalies by an extra contribution:
This could explain the putative discrepancy between theory and experiment of the muon anomaly, ∆a µ ≈ 3 · 10 −9 [40] , with a mass M ≈ 4 TeV, while being consistent with the current information on the electron (g − 2). The exact correlation between the electron and the muon anomalies is a consequence of a U (3) L or a (U (2) × U (1)) L symmetries of the strong interaction Lagrangian.
Summary and outlook
The motivation for the occurrence of new physics in the TeV range related to EWSB also calls for the existence of new flavour physics phenomena at similar energies. For this to be the case, however, as indeed generally implied by motivated extensions of the SM, some physical mechanism must be operative to avoid the presence of unseen large deviations from the CKM picture of flavour and CP violation: if present at all they must be kept under some control. That this physical mechanism be related to the approximate U (2)
3 flavour symmetry observed in the quark sector of the SM Lagrangian is a hypothesis well worth of investigation, as pursued in this paper building on previous work in the special context of supersymmetry. We have also crucially assumed that the breaking of U (2) 3 takes place along definite directions, specified by (1) and motivated by minimality.
The first conclusion that we draw from general Effective Field Theory considerations is apparent from Fig. 1 and 2 : the wealth of current flavour physics data is still broadly compatible with new phenomena hiding at an interesting scale of about 3 TeV, a clearly relevant energy range in beyond-the-SM theories of EWSB, either perturbative or strongly interacting. We find this a particularly significant fact from many different points of view: most of all it gives reasons to think that new physics searches in the flavour sector may be about to explore an interesting realm of phenomena. Note that, taking EFT considerations at face value, standard MFV based on U (3)
3 implies stronger constraints than in the U (2) 3 case, related to the differences summarized in Table 2 .
The relation of these considerations with models of EWSB is manifest. Both in supersymmetry and in composite Higgs models it is non trivial how specific realizations cope with flavour and CPV tests other than playing with parameters. U (2) 3 may provide a more fundamental underlying reason. In the case of supersymmetry this has been shown elsewhere [4, 5] , with possible interesting connections with the squark spectrum under study at LHC. Here we have seen how the U (2) 3 symmetry and its breaking can be implemented in a generic composite Higgs model and we have analyzed its peculiar consequences for flavour and CPV, summarized in Table 2 . We defer to later work a detailed analysis of the phenomenological consequences for flavour violating as well as flavour conserving observables, as done e.g. in [41] in the general case and in [34, 42] for the U (3) 3 case. Lepton Flavour Violation is in many respects the next due subject although with a major difficulty: the peculiar properties of the neutrino mixing matrix, quite different from the quark one, and, perhaps not unrelated, the weaker information available in the lepton sector relative to the quark sector due to the possible role of the right-handed neutrino mass matrix. Altogether we find it conceivable that the observed neutrino masses and mixings have a very high energy origin with little impact on Fermi scale physics. Taking this view, we have on the contrary assumed that the charged leptons may behave with respect to flavour in a similar way to the quarks, with a natural extension of U (2) 3 to a U (2) l × U (2) e . While this can only be a qualitative picture, since we lack any direct information on the relevant mixing matrix, it gives nevertheless a possible coherent description of LFV signal in the TeV range. One interesting feature characteristic of U (2) l × U (2) e , suitably broken as in (37) , is in the comparison between the µ → e and the τ → µ transitions, with the chirality breaking operators respectively proportional to ζ µτ m τ and ζ eµ m µ .
As for U (2)
3 in the quark case, the implementation of the U (2) l × U (2) e in a generic composite Higgs model is possible with peculiarities that distinguish Left-from Right-compositeness. Even in this case the associated phenomenology deserves further study inside and outside the flavour sector.
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A CKM matrix and effective operators
To a sufficient approximation, the general chirality conserving quark bilinear of eq. (3) gives rise to the kinetic term
as well as to all the possible chirality conserving interaction terms The chirality breaking bilinears of eq.s (4) and (5) generate the Yukawa interactions, and thus the mass term for the up-and down-type quarks
where we have reabsorbed the a's and c's of eq.s (4), (5) into the λ's and the spurions to match the definitions of [4] ; they generate also the σ µν -terms
As already stated in Section 2, after suitable U (2) 3 transformations the spurions take the form of eq. (6). Moreover, λ t , λ b , c and either x t or x b can be made real through phase redefinitions of t R , b R , q 3L and q L , respectively. In this basis the previous operators can be written in the more compact form
2 ), 1) and the A's, B's and C's are real parameters, and
2 , 0) are defined as in (8) and we have implicitly chosen x t to be real. Here and in the following U ij and V ij stand always for unitary matrices in the (i, j) sector, while R ij indicate orthogonal matrices.
We want to derive the expressions for these operators in the physical basis where the quark masses are diagonal, and the kinetic term has the canonical form. The kinetic term is diagonalized by a real rotation in the (2, 3) sector, and it takes the canonical form after wavefunction renormalizations of the fields. One can check that these transformations do not alter, to a sufficient accuracy, the structure of the other operators, but cause only O(1) redefinitions of the parameters.
The mass terms are diagonalized approximately by the transformation
up to right-handed transformations of order
1,2 . Therefore one goes to the physical basis for the quarks by
and the Cabibbo-Kobayashi-Maskawa matrix, defined in (7), is
where U 23 is a unitary transformation of order . If the parameters x t , x b are both real (e.g. if there are no CP phases outside the spurions) then U d 23 is real, and also U 23 becomes a real rotation. Finally, in the physical basis the chirality conserving operators become
and the σ µν -terms µ
and similarly for the up sector.
B Up quark sector within U (2) 3
In this appendix we study the contributions to flavour and CP violation in the up quark sector arising in the U (2) 3 framework. In particular, we concentrate on the contributions to D-D mixing, to direct CP violation in D-decays, to the top decays t → cγ and t → cZ and to the top chromoelectric dipole moment (CEDM). the relative coefficient. Referring to the estimations carried out in [46] and [48] for the hadronic matrix elements, to reproduce the measured value of ∆a CP one would need
a value out of reach if we want to keep the parameter c D g to be of order one.
B.2 Top FCNC and dipole moments
The LHC sensitivity at 14 TeV with 100 fb −1 of data is expected to be (at 95% CL) [49] : BR(t → c Z, u Z) 5.5 × 10 −5 and BR(t → c γ, u γ) 1.2 × 10 −5 . Here we concentrate on the charm channels, since both in the SM and in our framework the up ones are CKM suppressed. In the SM, BR(t → c Z, c γ) can be estimated to be of order (m 3 effects for these processes, we follow the analysis carried out in [50] . The dominant contributions are those given by the operators H 
leading us to conclude that any non-zero evidence for these decays at the LHC could not be explained in our setup, unless we allow the dimensionless coefficients to take values more than one order of magnitude bigger than the corresponding ones in the down sector (actually this could be possible only for c t Z and c t γ but not for c t cc , because of its correlation with c H and of the bounds of Fig. 2) .
The recent analysis carried out in [51] has improved previous bounds [52] on the top CEDMd t by two orders of magnitude, via previously unnoticed contributions ofd t to the neutron electric dipole moment (EDM). In deriving this bound, the authors of [51] have assumed the up and down quark EDMs d u,d and CEDMsd u,d to be negligible. This is relevant in our context if
• we allow for generic phases outside the spurions V , ∆Y u and ∆Y d ,
• we assume that some other mechanism is responsible for making d u,d andd u,d negligible.
Notice that this is actually the case in SUSY with heavier first two generations, where on the contrary there is no further suppression ofd t with respect to the EFT natural estimate.
Then, the bound given in [51] imposes
so that future experimental improvements in the determination of the neutron EDM will start to challenge the U (2) 3 scenario with CP violating phases outside the spurions, if the hypothesis of negligible d u,d andd u,d is realized. 
C Lepton Flavour Violation in
The l j → l i γ branching ratio is given by
where b ij = BR(l j → l i νν). The l j → l ili l i branching ratio reads [53, 54] BR(l j → 3l i ) = 1 2G For µ-e conversion, one obtains [55, 53] Γ(µ → e) = α 
In the case of 48 22 Ti, one has Z eff = 17.6 and |F (q 2 )| = 0.54 and the conversion rate is defined as CR(µ Ti → e Ti) = Γ(µ Ti → e Ti) Γ(µ Ti → capture) ,
where the capture rate is Γ(µ Ti → capture) = (2.590 ± 0.012) × 10 6 s −1 .
C.1 Radiative lepton decay in SUSY U (2)
In supersymmetry with a minimally broken U (2) 2 symmetry in the lepton sector, assuming first and second generation sleptons to be decoupled, the dominant contributions to the LFV dipole operators come from chargino-sneutrino and neutralino-stau loops. Neglecting trilinear terms, these can be written as 
F n (x) = 1 12(1 − x) 3 1 − 5x − 2x 2 − 6x 2 ln x 1 − x , F n (1) = 1 24 ,
G n (x) = 1 2(1 − x) 2 1 + x + 2x ln x 1 − x , G n (1) = 1 6 .
